Mass matrices of quarks are studied in the Supersymmetric E 6 GUT. After decomposition into SU(5), there are two 5 * representations in each generation, which consist of the lepton doublet and the right-handed down-type quarks. It is known that the observed quark and lepton mixing matrices could be reproduced well if an appropriate interchange (twisting) between two 5 * representations occurs. We find that, under a certain choice of the parameters, the twisting between a pair of the right-handed down-quarks occurs naturally by reproducing reasonable values for the CKM matrix elements, and giving one non-superheavy vector-like down-quark at TeV scale.
Introduction
The discovery of the non-vanishing neutrino masses and the large mixing angles among three neutrino species at Super-Kamiokande [1] triggers the burst of investigations on the masses and mixing matrices of quarks and leptons. The most fundamental problem in this field is to clarify why the mixing angles among three generations of quarks in Cabibbo-Kobayashi-Maskawa (CKM) matrix [2] are so small, V = O(λ 3 ), while those among three neutrino species in Maki-NakagawaSakata (MNS) matrix [3] are so large, probably being "doubly maximal", namely, V = 1/ √ 2 ≈ 0.7 [4] . To understand the different structure of between the flavor mixing matrix of quarks and that of leptons, Bando and Kugo [5] have used the Supersymmetric (SUSY) E 6 Grand Unified Theories (GUT), in which one family of quarks and leptons belongs to a fundamental representation 27 of E 6 . The fundamental representation 27 in E 6 is decomposed in terms of SO (10) and SU (5) 
The consequence of the twisting in the 3rd generation has been studied in [5] . The flavor mixing matrices of quarks and leptons are obtained in the Lagrangian for the charged current interactions in terms of the mass eigenstates of them. Then, the twisting between d For the leptons, however, the twisting between (τ L , ν τ ) and (E L , N L ) 3 affects the charged current interactions so that the mixing matrix of leptons, especially for the 3rd generation related part, can be drastically changed. Then, one of the double maximal mixings, V
(MNS) 23
, is naturally derived [5] . The other interesting twisting mechanisms have been proposed some time ago [6] .
In [5] , the twisting occurs due to the presence of the vanishing elements in the 6 × 6 mass matrix of the down-type quarks, which are justified using the so called SUSY zeros [7] . This may be natural from the viewpoint of SUSY that the elements of the mass matrix taking zeros cannot be expressed in terms of the non-negative powers of a certain chiral superfield. This justification is, however, not so naive from the viewpoint of the hierarchical structure of the generation in the mass matrix.
Following Froggatt and Nielsen [8] , the renormalization group equations of the Yukawa couplings for up-and down-quarks do not differ so much. Hence, it may be difficult to explain the hierarchical structure of the mass matrices in this way unless using the extra U(1) F flavor symmetry for example. Due to the conservation of this U(1) F charge, the mass term of up-quarks takes the following form:
where the quark field Ψ i in the i-th generation is supposed to have a U(1) F charge
The U(1) F charges of the Higgs field H and the field Θ which is responsible for the U(1) F symmetry breaking are x and −1, respectively [5] . Here, the Planck mass M P is introduced so as to adjust the dimensionality. If the violation of the U(1) F symmetry is turned on by the vacuum expectation value (VEV) of Θ, whose scale is Θ /M P = λ, and if the Higgs field H takes the VEV H of the electroweak scale, then we have the expected hierarchical structure. Namely, the mass matrix of up-quarks reads
Introduction of the U(1) F charge x for the Higgs field may fix the overall magnitude of the mass matrix. It plays, however, another drastic role for the negative value of x = −4 in the perturbative SUSY model; the power of the superfield Θ becomes negative for i = 3 or j = 3, so that the corresponding elements in the mass matrix are prohibited and set to be zeros. These SUSY zeros, however, turn around the hierarchical direction drastically in the mass matrix. Although it should be clarified dynamically whether this turning around mechanism of hierarchy is consistent with the Froggatt-Nielsen mechanism, so far we do not understand so well the dynamics of how and why the Froggatt-Nielsen mechanism works. The mechanism itself is, however, what we want to have, so that it seems the inevitable one in the study of mass matrices.
In these circumstances, we restrict ourselves in this paper to the case of x = 0 and "naively" use the Froggatt-Nielsen mechanism in order to generate the hierarchical structure of the mass matrix, without using the SUSY zeros. We will diagonalize the 6 × 6 mass matrices for the down-quarks which consist of 3 generations of d Let us briefly review our scenario of E 6 GUT. We prepare 3 superfields, Ψ i (27) (i = 1, 2, 3), corresponding to the 3 generations of quarks and leptons. We also introduce two Higgs fields, H(27) and φ(78). Since the 78 includes the components
2 at the energy scale. Then the proton stability cannot be preserved due to the baryon number violating interactions in the gauge invariant superpotential. This weak point can be remedied by imposing the certain discrete symmetry [9] . In this respect, the supersymmetric model with the extended gauge symmetry in which the proton decay is automatically prohibited by the gauge symmetry is very interesting [10, 11] . There remain still two extra U(1) symmetries. As is studied well in the superstring inspired E 6 model, the breaking scale of the extra U(1) symmetries could be lowered to O(TeV) without conflicting the electroweak precision measurements at LEP1 and SLC [12] . We assume that components of H(27), which plays as a singlet under the SM gauge group, breaks the extra U(1) symmetries. Then, the VEV's H(27) can be taken around O(TeV) − O(10 4 TeV) of non-superheavy energy scale. They contribute to the mass matrices of quarks and leptons, so that the masses of vector-like quarks in the heavier sector are not superheavy, but the lightest one can be O(TeV), which is attainable in the future colliders.
In the estimation of the mass and mixing matrices, we adopt the perturbation theory. To reproduce the realistic mass and mixing values for quarks and leptons, the perturbative treatment is very hard, but it is a good method to clarify the gross and characteristic features existing in the mass and mixing matrices in our model. As a result, we find a certain parameter set (including tan β ≈ 40), in which the hierarchical structure of the CKM matrix is obtained, producing the O(TeV) vector-like down quark, and the "twisting" between two 5 * 's naturally occurs. This may lead to the large mixing in the leptonic sector, but our pattern of the twisting is a different from that of [5] . It is worth to mention that the 6 × 6 down-quark mass matrix has been studied in the superstring inspired SU(6) × SU(2) L model (Gepner model) [13] in which some elements of the mass matrix vanish from the gauge symmetry.
Mass and Flavor Mixing Matrices

Superpotential
In this secton, we first review the superpotentials in E 6 SUSY GUT, following [5] . As stated in the last section, we introduce the flavor symmetry U(1) F and assume that the Froggatt-Nielsen mechanism [8] works on. Then, the superpotential relevant to the 27 Higgs superfield H(27) is given by
where f i are the U(1) F charges of the i-th generation quarks and leptons given in eq.(1.3), and the fermion fields Ψ j (27) have been replaced by their superfields.
The Yukawa coupling constants y ij are assumed to be of the order 1.
The superpotential relevant to the adjoint Higgs superfield φ(78) is given by the higher dimensional operators:
where s ij and a ij are symmetric and anti-symmetric tensors with respect to the generation indices, respectively. Here we take the U(1) F charges of Higgs fields to be zero based on the discussion in the last section. The coupling constants s ij and a ij are assumed also to be of the order 1. In eq.(2.2), two Higgs fields are multiplied like (φ(78)H(27)) 27 , the infinitesimal transformation of the fundamental 27 by the adjoint 78. Therefore, M −1 P has to be introduced to modify the dimensionality.
The adjoint Higgs φ(78) can be decomposed under the subgroup SU(3) L × SU(3) R × SU(3) C ⊂ E 6 as follows:
Suppose that 8 R and 8 L develop the VEV's as follows:
As a bonus, the mass matrices for the down-quarks and charged-leptons can be different. Even if the breaking scale of φ(78) is the GUT scale of O(10 16 GeV), the modification in the Yukawa couplings (2.2) is expressed by the ratio, φ(78) /M P , so that it is reasonably small.
Up-quark sector
Owing to the U(1) F charge assignment, (1.3), and the superpotentials, (2.1) and (2.2), the Yukawa matrix for the up-quark sector has the hierarchical structure which is phenomenologically acceptable:
where
The Higgs field, H(27), is decomposed following eq.(1.1). Then, H(10, 5) couples to the up-type quarks and its VEV, H(10, 5) , gives the mass matrix as follows:
where v sin β ≡ v u ≡ H(10, 5) . We parametrize the VEV's as v ≡ v
, where v cos β ≡ v d provides the mass to the down-type quarks. The mass matrix (2.7) can be diagonalized as
The mass eigenvalues are given by
Here, the corresponding mass eigenstates can be obtained, from which the unitary matrix U u L for the diagonalization is derived. In the above equation, m 
Down-quark sector
Next, we will study the mass matrix of the down quark sector, having totally 6
flavors. Then, the 6 × 6 Yukawa matrix for the down-quarks (
3 ) are expressed by the blocks of the 3 × 3 matrices,
where we define
Parametrizing the VEV's as H(10, 5
V cosθ, and H(1, 1) = V sinθ, the mass matrix for the down-quarks can be expressed as
From eq.(2.11), it is easy to see that each block includes the Yukawa matrix of the up-quarks. Let us take α, ǫ and γ as the parameters of purturbation by assuming their VEV's as O( φ(78) /M P ) ∼ λ 4 . Then we diagonalize the mass matrix using the following decomposition:
where H 0 is the unperturbed mass matrix and V is its perturbation. They are
given by
The matrix M d (2.11) is diagonalized as:
If we assume v d ≪ V , the mass eigenvalues in the first order of the perturbation are given as follows:
Then, the mass eigenstates corresponding to the eigenvalues are derived, from which we obtain perturbatively the unitary matrix U d L for the diagonalization:
In the above expressions, ∆
n and |n (1) are the eigenvalue and eigenstate in the first order of the perturbation, which are given by
where n, k = d
For a later convenience, we introduce V kn as:
The generic form of V kn is written down in Appendix.
CKM Matrix
Next task is to estimate the CKM matrix. For this purpose we have to identify first the various eigenstates to the known particle species. If we consider
are light and identify them to m d , m s and m b , the ordinary 3 × 3 CKM matrix can be defined by
From eq.(2.19), we can write down explicitly the CKM matrix elements as follows (here we replace the indices of V kn by d
20d)
20g)
20h)
(2.20i)
Order Estimation of Mass and Mixing
In this section, we estimate the mass and mixing matrices quantitatively in a certain set of the parameters. In the case of that α = γ = 0 and ǫ = 0, we can simplify write eqs.(2.15a) ∼ (2.15f) as Here, we take account of the following constraints:
is of the same order as the mass eigenvalue of the bottom quark at the GUT scale.
(ii) The mass of the lightest vector-like quark is of the order, O(TeV), being enough light and not sensitive to the present experiments, but being attainable in the future ones.
(iii) The CKM matrix element, V us is of the order of λ.
We have sin5 * 's -(16, 5 * ) and (10, 5 * ). Then, we have 6 flavors of down-type quarks. By diagonalizing the 6 × 6 mass matrix, we find the parameter regions in which the twisting occurs "naturally", having reasonable values for the CKM elements of V ud , V us , V cd , and V cs , and producing one vector-like down-quark at TeV scale. In the derivation we adopt the perturbation theory, in which VEV's of the 78 Higgs scalar, φ(78) /M P are taken as the perturbations to those of 27 Higgs scalar, H(27) /v. Since the 5 * multiplets consist of the right-handed down quarks and the left-handed leptons, the natural twisting found in this paper in the righthanded down-quark sector leads to the natural twisting in the left-handed lepton sector. Further study may lead to the understanding of the large neutrino mixings, hopefully to the double maximal ones.
